Polyglutamines are known to form aggregates in pathogenic contexts, such as in Huntington's disease, however little is known about their role in normal biological processes. We found that a polyglutamine domain in the SNF5 subunit of the yeast SWI/SNF complex, histidines within this sequence, and transient intracellular acidification are required for efficient transcriptional regulation during carbon starvation. We hypothesized that a pH-driven oligomerization of the SNF5 polyglutamine region is required for transcriptional reprogramming. In support of this idea, we found that a synthetic spidroin domain from spider silk, which is soluble at pH 7 but oligomerizes at pH ~ 6.3, could partially complement the function of the SNF5 polyglutamine. These results suggest that the SNF5 polyglutamine domain acts as a pH-driven transcriptional regulator.
Introduction
Intracellular pH (pHi) influences all biological processes by determining the protonation state of biological molecules, including the charged amino acid side-chains of proteins, and particularly histidines, which have a near-neutral pKa (Whitten, Garcia-Moreno E. and Hilser, 2005) . Early work suggested that pHi was constant during development (Needham, 1926) . However, more advanced technologies have since revealed that pHi does vary, and that changes in pHi can regulate metabolism (Busa and Nuccitelli, 1984; Young et al., 2010) , proliferation (Busa and Crowe, 1983) , and cell fate (Okamoto, 1994) , among other processes.
The budding yeast Saccharomyces cerevisiae is adapted to an acidic environment, and standard growth media is typically at pH 4.0 -5.5. The plasma membrane proton pump Pma1 and the V-ATPases maintain near neutral pHi by pumping protons out of the cell and to the vacuole, respectively (Martínez-Muñoz and Kane, 2008) . When cells are starved for carbon, the Pma1 pump and the V-ATPases are inactivated, leading to a rapid acidification of the intracellular space to pH ~ 6 (Kane, 1995; Orij et al., 2009 ).
Acidification of intracellular pH upon carbon-starvation is thought to conserve energy, leading to storage of metabolic enzymes in filamentous aggregates (Petrovska et al., 2014) , reduction of macromolecule diffusion (Joyner et al., 2016; Munder et al., 2016) , decreased membrane biogenesis (Young et al., 2010) and possibly a partial phase transition of the cytoplasm into a solid-like structure (Joyner et al., 2016; Munder et al., 2016) . These studies demonstrate that many physiological processes are inactivated when pHi drops, an adaptation, which may aid the cell in surviving stress. However, numerous processes must also be upregulated during carbon starvation to enable adaptation to this stress. In particular, the cell must induce expression of glucoserepressed genes (DeRisi, 1997; Zid and O'Shea, 2014) . However, in the current literature there is no evidence of a relationship between an acidic pHi and stress-gene induction.
The Sucrose Non Fermenting genes (SNF) were among the first genes found to be required for induction of glucose-repressed genes (Neigeborn and Carlson, 1984) . Several of these genes were later identified as members of the SWI/SNF complex (Abrams, Neigeborn and Carlson, 1986; Carlson, 1987) , an 11 subunit chromatin remodeling complex that is highly conserved from yeast to mammals (Peterson and Herskowitz, 1992; Chiba et al., 1994; Peterson, Dingwall and Scott, 1994) . The SWI/SNF complex affects the expression of ~10% of the genes in Saccharomyces cerevisiae during vegetative growth (Sudarsanam et al., 2000) . Upon carbon starvation, most genes are downregulated, but a set of glucose-repressed genes needed for adaptation to nutritional stress are strongly induced (Zid and O'Shea, 2014) . The SWI/SNF complex is required for the efficient expression of several hundred stress-response and glucose-repressed genes (Sudarsanam et al., 2000; . Sequence analysis reveals a strong enrichment of low-complexity sequence in the complex. In particular, 4/11 subunits contain polyglutamines (polyQ) or glutamine-rich low complexity sequence (LCS).
PolyQs have been predominantly studied in the disease context. Nine neurodegenerative illnesses, including Huntington's disease, are thought to be caused by neurotoxic aggregation seeded by proteins that contain expanded polyQs (Fan et al., 2014) . However, polyQs are relatively abundant in Eukaryotic cells: More than 100 human proteins contain polyQs, and the Dictyostelium and Drosophilid phyla have polyQ structures in ~10% and ~5% of their proteins respectively (Schaefer, Wanker and AndradeNavarro, 2012) . Furthermore, there is clear evidence of purifying selection to maintain polyQs in the Drosophilids (Huntley and Clark, 2007) . This prevalence and conservation suggests an important biological function for these repeats. Glutamine rich transactivation domains (TAD) are an example of functional polyQs (Kadonaga et al., 1987 (Kadonaga et al., , 1988 , however their precise role in transcription remains poorly understood. Some research suggests that glutamine-rich TADs induce transcription by binding to transcription factors (Prochasson et al., 2003) , and recruitment of transcriptional machinery (Laurent, Treitel and Carlson, 1990; Geng, Cao and Laurent, 2001; Janody et al., 2001) . Beyond transcription, recent work in Ashbya gosypii has revealed a structural role for polyQcontaining proteins through phase separation into liquid droplets to enable subcellular localization of signaling molecules (Zhang et al., 2015) .
The SNF5 regulatory subunit contains the largest polyQ of the SWI/SNF complex; this N-terminal LCS domain contains 121 glutamine residues. We investigated the relationship between the SNF5 polyQ domain and the cytosolic acidification that occurs during glucose-starvation. By single cell analysis, we found that intracellular pH is highly dynamic and varies between subpopulations of cells within the same culture. After an initial decrease to pHi <6.5, a subset of cells recovered their pHi to ~7. This transient acidification was required for expression of glucose-repressed genes. The SNF5 polyQ activation domain was also required for timely gene expression, including four histidines that we identify as putative pH sensors. We propose transient aggregation of low complexity sequences as a possible mechanism for transcriptional reprograming and provide support for this model using an orthogonal pH-dependent aggregation domain.
Results
The N-terminal polyQ domain of SNF5 affects the viability of carbon-starved yeast cells in a pH-dependent manner.
We compared the fitness of WT yeast to strains with a complete deletion of the SNF5 gene (snf5∆), or with a precise deletion of the N-terminal polyQ domain of SNF5, referred to as ∆Q-snf5 ( figure 1A, B) . In rich media, the snf5∆ strain has a severe growth defect ( figure 1C ) (Laurent, Treitel and Carlson, 1990) , while the ∆Q-snf5 grows at a similar rate to wild-type control (figure 1C) (Prochasson et al., 2003) . Next, we compared the viability of these strains after an acute switch to synthetic complete medium with no glucose for 24 hours. Cells were plated before and after starvation and colonies were counted to assess viability. No difference was apparent; all strains maintained 100% viability after starvation ( Fig 1D -pH: 6.5). Therefore, we reasoned that we would need to increase the sensitivity of our assay to reveal a phenotype for our mutants.
Intracellular acidification has been shown to be important for viability during carbon starvation (Munder et al., 2016) . Accordingly, when we buffered the environmental pH (pHenv) to 7, thus preventing intracellular acidification, the viability of WT cells dropped to 50% ( figure 1D ). Under this same condition ∆Q-snf5 strains completely lost viability. In contrast, the snf5∆ strain had similar survival as WT at all pHenv values tested ( figure 1D ), although snf5∆ colonies were smaller than those of WT and ∆Q-snf5 strains, consistent with growth defects measured in liquid culture ( figure 1C) . Together, these results show that the snf5∆ and ∆Q-snf5 alleles are different.
To ensure that deletion polyQ of SNF5 does not alter Snf5p levels, we performed a Western blot analysis and observed similar levels of Snf5p for all alleles during glucose starvation at both pH 5.0 and 7.5 (supplemental figure 1). It has been shown by immunoprecipitation that while deletion of the whole SNF5 gene breaks down the SWI/SNF complex into smaller sub-complexes, deletion of the N-terminal domain of Snf5p (∆Q-snf5) does not impair the architecture of the SWI/SNF complex (Prochasson et al., 2003) (Dutta et al., 2017; Sen et al., 2017) . These results indicate that the phenotypes that we observed in the ∆Q-snf5 allele are not due to Snf5 protein degradation or disruption of the SWI/SNF complex.
Induction of the SWI/SNF target ADH2 in response to carbon starvation requires an acidic environment and the polyQ domain of SNF5.
Alcohol dehydrogenase 2 (ADH2) is tightly repressed in the presence of glucose, and is strongly induced upon carbon starvation and the SWI/SNF complex is required for the efficient and timely induction of ADH2 . Therefore, we chose ADH2 as a model for gene induction studies. By RT-Q-PCR, we found that after 4 hours of acute carbon starvation at pHenv 6, wild-type cells induced ADH2 transcription approximately 1000-fold, while ∆Q-snf5 did not induce detectable levels of transcript ( figure 1E ). Neither WT nor ∆Q-snf5 strains induced ADH2 when the starvation media was adjusted to pHenv 7.4. In contrast the snf5∆ strain expressed ADH2 at lower levels than control in normal starvation, but maintained some expression when the starvation media was adjusted to pHenv 7.4 ( figure 1E ). These results suggest that the SNF5 subunit is repressive for transcription but somehow intracellular acidification during starvation leads to derepression through a mechanism that requires the polyQ domain.
To facilitate the further study of the relationship between environmental pH and ADH2 induction, and to enable the study of gene regulation at a single-cell level, we generated a reporter gene with the mCherry fluorescent protein under the control of the ADH2 promoter (PADH2-mCherry). Time course experiments showed that in optimal conditions, full transcription and translation of the mCherry protein took 24 hours, but robust induction was apparent at 6 hours (figure 2A). Induction of PADH2-mCherry was clearly bimodal for WT cells, indicating substantial cell-to-cell variability in ADH2 promoter activity under our conditions. This bimodality of ADH2 induction was lost in the snf5∆ null strain ( figure 2A ). These data indicate that the polyQ of SNF5 is required for bimodal induction of ADH2. As expected, the phenotype of the ∆Q-snf5 strain was far more severe, this strain completely failed to induce PADH2-mCherry (figure 2A). These results are consistent with previous reports where deletion of SNF5 and SWI1 polyQs had a more severe phenotype than the double null mutant in some conditions (Prochasson et al., 2003) . Indeed, we found that ∆Q-snf5 acts as a dominant-negative mutation in strains bearing WT and ∆Q-snf5 alleles in the endogenous location (supplemental figure 2).
We next explored the effect of environmental pH on PADH2-mCherry expression. WT cells robustly induced PADH2-mCherry at all pHenv below 6.5, but almost completely failed to induce the reporter at pHenv of 7.0 and above ( figure 2B, supplemental figure 3) . In contrast the ∆Q-snf5 strain failed to induce PADH2-mCherry at any pHenv. The snf5∆ strain showed a decrease of induction efficiency in control conditions (pHenv: 5.5) as previously reported , and consistent with our observations by RT-Q-PCR, the snf5∆ strain showed some induction at neutral pHenv while the wild-type completely failed to induce ( figure 2B, supplemental figure 3 ). Taken together, these results suggest that SNF5 is a pH-sensitive regulator of SWI/SNF function that plays both positive and negative regulatory roles. In this model, loss of the polyQ domain could lock the SWI/SNF complex in a state that is repressive for glucose repressed genes, while deletion of the whole SNF5 gene produces derepression of the ADH2 gene on media with neutral pH. We conclude that both the polyQ of SNF5 and an acidic environment are required for robust regulation of ADH2 induction upon carbon starvation.
Histidines are enriched after polyQ sequences in multiple species
We reasoned that polyQ alone would not be a sensitive pH sensor as glutamine does not change properties over biologically relevant pH ranges. Therefore, to gain further functional insight, we analyzed amino acid enrichments within and around glutaminerich low complexity sequences. Here, our functional definition of polyQ is a polypeptide sequence containing at least ten glutamines interrupted by no more than two nonglutamine amino acid residues. Within the S. cerevisiae proteome, there is a strong enrichment (>3 fold) for histidine and proline within polyQ sequences compared to the global frequency of these amino acids ( figure 2C ). For histidine, this enrichment is even more pronounced immediately C-terminal to polyQ repeats (>4 fold). Enrichment of histidines within and immediately after polyQs is also apparent in the human, Drosophila melanogaster and Dictyostelium discoidum proteomes (supplemental figure 4) . This enrichment for certain amino acids could be an indication of functional importance, however the codons encoding glutamine (CAG and CAA) are similar to those for histidine (CAT and CAC), therefore random mutations within polyQ-encoding DNA will tend to create histidines with higher probability than other amino acids. Therefore, we tested a null hypothesis that the observed structure of polyQ sequence is due to generation of polyQ repeats (perhaps through CAG repeat expansion) and then mutation of the underlying DNA sequence in the absence of selection. We ran simulations where we allowed CAG, CAA and mixed CAGCAA repeats (artificial polyQ-encoding sequences) to randomly mutate at the nucleotide substitution frequencies that have been empirically described for S. cerevisiae (Zhu et al., 2014) until the polyQ had degenerated to have around 20% non-Q amino acids (the same frequency observed in polyQs of S. cerevisiae). The average results of 10,000 simulations are presented as grey bars in figure  2C . While this model does predict enrichment of histidines, the real polyQ structures are significantly more enriched suggesting that there is selective pressure to embed histidine residues within and adjacent to these structures. The imidazole side chain of histidine has a pKa of around 6. Therefore, its protonation state may serve as pH sensor. For example, the protonation state due to changes in intracellular pH of a single histidine residue determines the activation of the small Gprotein RasGRP1 (Vercoulen et al., 2017) . The N-terminal polyQ of Snf5p contains 6 histidines (shown in red and orange in figure 1A ). Technical difficulties related to PCR and gene-synthesis within low complexity sequence frustrated attempts to replace all 6 histidines, however, we were able to mutate 4 of 6 histidines to alanine (shown in red in figure 1B ). We refer to this allele as HtoA-snf5.
The HtoA-snf5 allele phenotype was almost as severe as that of a complete deletion of the polyQ. Under optimal pH conditions (pHenv 5.5) both the expression level and fraction of cells that induced was reduced in HtoA-snf5 strains compared to WT (figure 2B, supplemental figure 3). Under less favorable conditions of pHenv 6.5 where WT still strongly induced ADH2-mCherry, showed no induction at all. These results indicate that removal of histidines from the Snf5 N-terminus desensitizes the system to pH change and suggests that these histidines are important for the pH sensing function of SNF5.
Single cell analysis reveals a bimodal pH response to glucose starvation, and pH recovery precedes ADH2 expression Intracellular pH can be studied with pHluorin, a GFP derivative that has been engineered as a ratiometric pH indicator (Miesenböck, De Angelis and Rothman, 1998) . Previous studies with pHluorin reported that the cytosolic pH of S. cerevisiae drops to around 6 during carbon starvation (Orij et al., 2009) . However, these were average population measurements, partly because expression levels between cells can vary when expressed from CEN/ARS plasmids, as they were in the original constructs. We expressed the pHluorin gene from the strong TDH3 promoter and integrated this construct into the URA3 locus. Our reengineered pHluorin gave strong expression with less noise than previous systems, enabling accurate single cell pHi measurements. We compared the pHi of cells with either nuclear or cytoplasmic pHluorin and found that pHi dynamics are the same in both compartments under glucose starvation (data not shown). We generated strains with both the PADH2-mCherry and PTDH3-pHluorin reporters, to investigate the dynamics of both pH change and ADH2 expression.
In WT cells, the pHi of the entire population dropped to < 6.5 immediately after glucose was removed in starvation media pHenv 5.5. Then, after 30 minutes, the culture began to split into 2 subpopulations: Around half of the cells further acidified to pHi 6, and did not show any PADH2-mCherry induction, while the other half recovered their pHi to ~ 7 after 2 hours and strongly induced PADH2-mCherry after 4 hours (figure 3A, first panel, quantified in figure 3C , first panel). WT cells subjected to acute glucosestarvation at pHenv 7.4 mildly dropped their pHi, but not below 6.5 ( figure 3B ). Experiments with cycloheximide showed that the initial cytosolic acidification was independent of gene expression, but subsequent neutralization requires protein translation (supplemental figure 6).
SNF5 mutants have an altered pH response upon glucose starvation
We found that SNF5 plays a role in pH regulation during acute glucose starvation. The snf5∆ strain did not acidify as strongly as the wild-type strain, and bifurcation in pHi and ADH2 expression did not occur (figure 3A and C, second panel). In contrast, the ∆Q-snf5 mutant acidified to pHi 6 but then few cells recovered to pH 7 (figure 3A and C, third panel). The HtoA-snf5 mutant acted as a hypomorph -mostly phenocopying ∆Q-snf5 but a fraction of cells neutralized and induced ADH2 at lower levels than WT cells (figure 3A and C, fourth panel).
Together, these results indicate that SNF5 is involved in pH regulation upon glucose starvation. The C-terminus of the Snf5 protein is required for proper acidification of the cytosol, while the polyQ domain, with histidines intact, is required for the recovery to neutral pH (probably through transcription of target genes). Thus, SNF5 appears to both contribute to pH regulation and respond to pH changes through its polyQ domain and histidines therein.
ADH2 induction requires transient intracellular acidification
The dynamics of pHi and PADH2-mCherry suggested that intracellular acidification at the beginning of carbon starvation might be required to induce ADH2 expression. To test this hypothesis, WT cells were subjected to glucose-starvation for 2 hours at pHenv 5 and then the pHenv was alkalinized to 7.4, thus forcing neutralization of the cytosol (supplemental figure 6A ). pHluorin measurements confirmed that pHi of the entire population was forced to 7 by this treatment (supplemental figure 6C ). The transient acidification during the first 2 hours of starvation was sufficient to allow robust induction of PADH2-mCherry (supplemental figure 6B, D). The reverse experiment, where cells are transiently glucose-starved at pHenv 7.4 for 2 h and then switched to pHenv 5 did not lead to efficient induction of PADH2-mCherry, despite the pHi drop when switched to pHenv 5 after the 2 nd hour (supplemental figure 6B, D). We also used sorbic acid, a weak organic acid that can shuttle protons across the plasma membrane (Munder et al., 2016) to prevent pHi recovery during glucose starvation. As expected the entire population remained acidic through the course of the experiment and no PADH2-mCherry induction was observed (supplemental figure 7) confirming that recovery of neutral pHi is also required for ADH2 induction. Together, these results indicate that ADH2 induction requires a transient drop in pHi at the beginning of glucose-starvation treatment followed by recovery to neutral pHi.
Transient acidification also occurs in response to oxidative stress
We posited that the polyQ domain of SNF5 could sense pHi changes as a more general mechanism for transcriptional reprograming upon environmental changes. After screening several more stresses, we observed that ΔQ-snf5 had very poor fitness in media supplemented with 1 mM peroxide (supplemental figure 8A) . Motivated by this result, we tested if oxidative stress induce changes in pHi. Indeed, similarly to carbon starvation, addition of peroxide to the media led to acidification of the cytosol to pH ~ 6.5 (supplemental figure 9B, first panel) . Also like carbon starvation, this pHi drop didn't occur in the whole population: About 40% of the population acidified after a 30 min incubation with 1 mM peroxide. These cells recovered to neutral pH with similar kinetics to cells that eventually induce ADH2 following carbon starvation. The degree of acidification upon peroxide treatment is dose-dependent with an EC50 around 1 mM -at which point the pH response of the population is bimodal, also similar to carbon starvation. SNF5 mutants had markedly different pH responses. The snf5Δ strain failed to acidify its cytoplasm, while the ΔQ-snf5 and HtoA-snf5, alleles acidified normally but then failed to recover neutral cytosolic pH (supplemental figure 8B ). This striking similarity of the cytosolic pH responses in acute starvation, recovery from starvation, and oxidative stress suggests a general pH driven mechanism for transcriptional reprogramming. The equivalent effects of the WT, snf5Δ, ΔQ-snf5 and HtoA-snf5 alleles during all of these state changes highlights the importance of the SNF5 polyQ domain in pH regulation.
SNF5 polyQ and an acidic environmental pH are required for the efficient induction of a large number of glucose-repressed genes
We performed RNA sequencing analysis on total mRNA extracted from WT, snf5Δ, ΔQ-snf5 and HtoA-snf5 strains during exponential growth (+Glu) and after 4 hours of glucose starvation at pHenv 4 (optimal starvation condition). To determine the effect of environmental pH, we also analyzed mRNA content of WT strains starved for glucose at pHenv 7. Principal component (PC) analysis was performed to extract the major differences between conditions. Glycolysis and glucose metabolism, and peroxisome and carnitine metabolism genes dominate the PC1 axis. Similarly, PC2 contains genes involved in sugar import at one end, and microbody and fatty acid degradation at the other, consistent with a shift from carbon rich anabolic processes to catabolism during starvation (figure 4A). All biological replicates clustered well on the y-axis (PC2), and most of them did so on the x-axis (PC1), confirming the reproducibility of our results. However, replicates of WT, ΔQ-snf5 and HtoA-snf5 strains showed variability on the PC1 axis during glucose starvation. We hypothesize that bistability in the expression of glucoserepressed genes and high sensitivity to minor environmental or epigenetic variations could be responsible for this greater variability on PC2.
We defined a set of 149 genes that were differentially expressed (> 2 fold change at an adjusted p-value of < 0.05, Wald test) in wild type cells in logarithmic growth in glucose compared to 3 h of carbon starvation at pHenv: 4. Around half of these genes (89 genes) were induced during starvation. Of this set of glucose-repressed genes, only 19 (21%) retained expression (at > 85% WT level) when the WT strain was starved at pHenv 7, and only 5 (6%) were induced in the ΔQ-snf5 (figure 4B). WT strains upregulated these genes an average of 35-fold in optimal conditions, while gene induction was < 10-fold in starvation of WT cells at pHenv 7.5 and in SNF5 mutant alleles ( figure 4C ).
Hierarchical clustering of the differentially expressed genes (Euclidean distance) revealed some differences in gene expression between SNF5 alleles in logarithmically growing cultures. For example, the mRNAs of genes related to sugar metabolism and transport generally decreased in SNF5 mutant alleles ( figure 4D, top) . However, there was far greater variability in carbon starvation. Gene ontology (GO) analysis for genes that failed in all SNF5 mutants and WT strains in starvation at pHenv 7, showed enrichment of Krebs cycle, carbon metabolism and glycolysis/gluconeogenesis genes ( figure  4D ). Genes involved in fatty acid metabolism and carnitine transport failed to induce in WT strains starved at pHenv: 7, ΔQ-snf5, and HtoA-snf5 strains ( figure 4D, middle) . However, expression of these genes still occurs in snf5Δ strains ( figure 4D, bottom) . This may explain why SNF5 has not previously been linked to these processes.
Volcano plot analysis show marked global differences in transcription of WT and ΔQ-snf5 strains during glucose starvation (figure 4E), while ΔQ-snf5 and HtoA-snf5 are very similar (figure 4F), confirming that the polyQ of SNF5 plays an important regulatory role for a large number of genes and that the histidines within this domain are crucial determinants of this regulation. Together, these data suggest that our previous observations using ADH2 as a reporter of glucose-repressed genes can be generalized more broadly to the carbon starvation response.
Spidroin partially complements the SNF5 polyQ domain
Given the ability of polyQs to form aggregates, we hypothesized that pH may induce changes in the structural or oligomerization state of Snf5 and therefore the SWI/SNF complex. Genetic analysis of GFP tagged SNF5 and the mutant strains led us to the conclusion that GFP interferes with proper folding of the SWI/SNF complex (data not shown). Therefore, unable to directly visualize SNF5 by fluorescence microscopy, we tried an orthogonal way to test our hypothesis. To this end, we took advantage of the spidroin protein. Spidroin, the main component of spider silk, is made and stored in the silk glands of spiders in soluble form at pH ≥7. The pH of the silk duct decreases from around 7 at the proximal end to ≤6.3 at the distal end causing spidroin to oligomerize into a silk fiber (Askarieh et al., 2011) ( figure 5A ). Thus, we engineered a synthetic minispidroin allele of 376 amino acids in length (similar to the size of the polyQ domain) to use as an alternative pH-sensing domain.
First, we tested if acidification of the cytosol upon glucose starvation could induce aggregation of the spidroin peptide. Exponentially growing cells with a cytosolic pH of 7.4 did not show any spidroin aggregation. We then manipulated the pHi by poisoning glycolysis and the electron transport chain with 2-deoxyglucose (2-DG) and sodium azide (AZ) respectively. This treatment leads to depletion of ATP causing proton pumps to fail, thereby leading to equilibration of the cytosolic pH with the pHenv. Spidroin aggregated in over 90% of cells when the pHi was reduced to 5.5 (supplemental figure 10A,  B) . However, no aggregation was seen in cells treated with 2-DG and AZ at pHenv 7.5 (supplemental figure 9A, B) . These results indicate that our synthetic mini-spidroin domain changes aggregation state in a pH-dependent manner when expressed in S. cerevisiae. This aggregation also occurred during glucose starvation: At pHenv 5.5 around 40% of the cells have clear aggregates, while at pHenv 7.5 only about 5% do (supplemental figure 9B, C) . These results are consistent with our pHi measurements during glucose-starvation.
After confirming that at least 40% of the culture would induce spidroin aggregation upon glucose-starvation at pHenv 5.5, we fused the mini-spidroin domain to the Nterminus of the ΔQ-snf5 gene, thus replacing the polyQ of SNF5 with the spidroin peptide ( figure 5A ). Amazingly, Spidroin-ΔQ-snf5 partially rescued the defects observed in the ΔQ-snf5 strain (figure 5B, C, and supplemental figure 3). After a transient acidification ~ 50% of the population induced ADH2 with mean induction levels reaching 65% of WT control levels (figure 5B). As expected ADH2 expression was pH sensitive in the Spidroin-ΔQ-snf5 strain with a pHenv optimum of 5.5, and no induction when pHenv was buffered to 6.5 or above ( figure 5B, supplemental figure 3) . Thus, Spidroin-ΔQ-snf5 partially recapitulates the ADH2 expression and the cytosolic pH dynamics of WT.
We evaluated whether other sequences known to undergo phase transitions, but not affected by pH, could complement SNF5 polyQ function. We fused the low complexity domains of the FUS and hnRNP proteins to the N-terminus of ΔQ-snf5. These domains have been reported to form hydrogels that can recruit RNA Polymerase II (RNApolII) (Kato et al., 2012; Kwon et al., 2013) . However, these domains did not complement polyQ function: FUS-ΔQ-snf5 and hnRNP-ΔQ-snf5 both completely failed to induce PADH2-mCherry expression (data not shown). This result suggests that a pH-responsive domain is required for SWI/SNF function.
Discussion
Dynamic changes in cytosolic pH have been observed in several organisms. pH regulation occurs in many physiological contexts including: cell cycle progression (Gagliardi and Shain, 2013) ; the circadian rhythm of crassulacean acid metabolism plants (Hafke et al., 2001) ; oxidative stress (van Schalkwyk et al., 2013) ; temperature or osmotic shock (Karagiannis and Young, 2001) ; and changes in nutritional state in Saccharomyces cerevisiae (Orij et al., 2009) . However, the physiological role of these pHi fluctuations remains poorly understood. Our work establishes a functional link between cytosolic pH changes and gene expression.
Previous studies reported population averages of pHi (Orij et al., 2009 ) and have emphasized the inactivation of processes in response to cytosolic acidification (Petrovska et al., 2014; Joyner et al., 2016; Munder et al., 2016) . However, it is unclear how necessary modifications to the cell can occur if cellular dynamics are uniformly decreased. Much less has been reported regarding a potential positive role of fluctuations in pHi. We found that transient acidification is indeed required for activation of a set of stress response genes.
Using single cell measurements of both pHi and gene expression we found that two subpopulations arose upon acute glucose-starvation, one with pHi ~5.8 and a second at ~6.2. The latter population recovered neutral pHi and then induced glucoserepressed genes, while the former population remained dormant. We have not yet determined the mechanism that drives the bifurcation in pH response but we did not find any correlation to cell cycle stage or cell age (data not shown). We speculate that bistability may provide a form of bet hedging (Levy, Ziv and Siegal, 2012) where some cells attempt to respond to carbon starvation, while others enter a dormant state (Munder et al., 2016) .
It is becoming clear that pH is an important mechanism of biological control. It was previously shown that the protonation state of phosphatidic acid (PA) determines binding to the transcription factor Opi1, coupling membrane biogenesis and intracellular pH (Young et al., 2010) . We focused our studies on the N-terminal region of SNF5 because it is known to be important for the response to carbon starvation and contains a large low complexity region enriched in both glutamine and histidine residues. Histidines are good candidates for pH sensors as they can change protonation state over the recorded range of physiological pH. Indeed, the polyQ domain and the histidines contained within were required for both transcriptional reprogramming and for regulation of intracellular pH. It also seems that the SNF5 polyQ plays a more general role as a pH sensor as we observed defects in pHi regulation in the ΔQ-snf5 and snf5Δ in response to oxidative stress.
PolyQs have been identified as the molecular basis of nine neurodegenerative diseases (Fan et al., 2014) and have been mostly studied as seeds of toxic aggregation. The aggregation state of polyQs has been linked to the length of the homorepeat (Bates et al., 2015; Kuiper et al., 2017) . However, recently published evidence indicates that the nature of the residues at the boundaries of polyQs can also strongly impact aggregation propensity. For instance, a proline homorepeat at the C-terminal of the Huntingtin protein-polyQ prevents aggregation while 17 residues with an overall positive charge at the N-terminus have the opposite effect, inducing stronger aggregation at neutral pH (Thakur et al., 2015; Shen et al., 2016) . Similarly, the addition of two negatively charged residues at the amino end and two positively charged residues at the carboxyl end of the polyQ domain of the yeast Sup35 solubilizes the protein at acidic pH and aggregates at neutral pH while a polyalanine flanked by the same charged amino acid is soluble at all pH values (Perutz et al., 2002) . We hypothesize that the protonation state of histidines within or at the boundaries of polyQs regulates their aggregation state. The precise nature of this state remains unclear but could range from an oligomerization to a phase transition similar to those that have been recently described for many other intrinsically disordered domains and proteins (Brangwynne, Mitchison and Hyman, 2011; Kato et al., 2012; Kwon et al., 2013) including polyQ proteins (Zhang et al., 2015) . We could not detect large phase separated structures by fluorescence microscopy of Snf5p during glucose-starvation (data not shown). However, it has been recently shown that polyQs made of 34 to 96 glutamines convert between three states: soluble protein, small rapidly-diffusing clusters and large slowly-diffusing aggregates (Li et al., 2016) . It is possible that the SWI/SNF complex converts to clusters that are below the diffraction limit of conventional microscopy. Single molecule microscopy (Li et al., 2016) or other super-resolution techniques will be required to directly observe these events, which are likely to be transient in nature and exist only briefly. Nevertheless, we were able to design experiments to address this hypothesis using the spider silk protein, spidroin.
Spidroin is a spider web peptide that is soluble at pH 7 and aggregates at pH 6.3 (Askarieh et al., 2011) . Importantly, spidroin does not contain polyQ repeats. Thus, spidroin is an orthogonal pH-dependent domain that dynamically changes aggregation states over a similar range of conditions to those sampled during carbon starvation in yeast. This domain allowed us to test our hypothesis that the SNF5 polyQ undergoes pH-dependent aggregation: If the ΔQ-snf5 allele is defective due to a failure to aggregate, then adding the synthetic spidroin domain should revert this phenotype. Indeed, we observed that ADH2 expression was partially recovered in the spidroin-ΔQ-snf5 strain. Therefore, we hypothesize that transient aggregation is part of the mechanism by which the SWI/SNF complex drives transcriptional reprogramming.
The "aggregated" polyQ could actually be more than one state -for example, solid gel-like and viscous liquid-like behaviors could exist. The fact that acidification followed by neutralization is required for efficient transcriptional reprogramming suggests that the physical changes in SWI/SNF are transient, but there must be some memory of this event. Several models could account for this memory. For example, transient physical state changes could serve to redistribute the SWI/SNF complex to new loci, change the composition of "super-complexes" of SWI/SNF with other molecules in the nucleus, or recruit enzymes to changes the post-translational modifications on SWI/SNF. Further studies will be required to elucidate the details of the transcriptional reprogramming mechanism.
During glucose starvation, many SWI/SNF-dependent genes are inactivated and a new set of genes is induced. We speculate that the SNF5 polyQ domain acts as a "reset" switch to allow this redistribution of the SWI/SNF complex upon starvation. The pH dependent genes that require the SNF5 polyQ are enriched in fatty acid metabolism. This could be particularly important in cancer where it has been observed that about 20% of human cancers have mutations in the SWI/SNF complex (Kadoch et al., 2013) . Human SNF5 (SMARCB1) was the first subunit of the SWI/SNF to be linked to cancer, where it is mutated in most cases of pediatric malignant rhabdoid tumor (Biegel et al., 1999; Sevenet et al., 1999) . It is known that mutations of the SWI/SNF that lead to cancer generally result in missregulation of fatty acid synthesis, which is required for cancer proliferation (Wu et al., 2016; Nickerson et al., 2017) . However, how pH and human homologs of yeast SWI/SNF polyQs affect expression of these genes has yet to be investigated. An acidic pH is a prominent feature of the tumor microenvironment (WikeHooley, J. Haveman and Reinhold, 1984; Tannock and Rotin, 1989) , raising the possibility that SNF5 may play a pH-sensing role in human disease.
All cells must modify gene expression to respond to environmental changes. This phenotypic plasticity is essential to all life, from single celled organisms fighting to thrive in a competitive environment, to the complex genomic reprogramming that must occur during development and tissue homeostasis in the metazoa. Despite the differences between these organisms, the mechanisms that regulate gene expression are highly conserved. This work provides new insights into pH as a signal through which life perceives and reacts to its environment. Figure 1 : Deletion of the SNF5 polyglutamine leads to loss of viability in carbon starvation, especially at neutral environmental pH. A-The 288 amino acids of the polyQ domain of SNF5, glutamine is shown in green and histidine in red/orange. BSchematic representation of the SNF5 gene with its polyQ domain indicated at the Nterminus (Green). C -Growth curves for WT, ΔQ-snf5 and snf5Δ strains in rich media. D-Viability after 24 h of glucose-starvation at pHenv 6.5 (Yellow), 6.75 (Light Green) and 7.0 (Dark Green) p-values are Student's T-test compared to WT, * indicates < 0.05 and ** indicates < 0.005. E-RT-QPCR experiments to determine ADH2 mRNA content after 4 h of glucose-starvation at pHenv 6.0 (orange) and pHenv 7.5 (blue). ACT1 mRNA was used as a control; y-axis corresponds to fold induction of ADH2 mRNA on glucosestarvation over exponentially growing cells. C-Sequence analysis results for all Saccharomyces cerevisiae polyQs, showing frequencies of each amino acid compared to the proteome average, within polyQ structures (blue), and immediately C-terminal to the structures (the +1 position, green). We also show expected frequencies generated for a null-hypothesis where all sequences are generated from a pure polyQ, followed by neutral evolution -results are averages of 10,000 simulations (grey). One subpopulation acidifies to pH 6 and fails to induce, while a second subpopulation transiently acidifies and then induces ADH2. A-Dot plots of cytometry data quantifying cytosolic pH (x-axis) and induction of PADH2-mCherry (y-axis) in glucose-starvation media at pHenv 5.5. 10,000 cells were sampled at each time point. BSame than A, but on glucose-starvation media pHenv 7.5. C-Raw data from A was fitted to single or double Gaussian models (see materials and methods). Top panels show quantification of cytosolic pH, each time point has one or two peaks and where there are two lines (black and grey), these represent the median pH values for the more neutral and more acidic populations respectively. Bottom panels show levels of induction of the PADH2-mCherry expression. Bar height indicates to the intensity of mCherry fluorescence (normalized to maximum values for the WT control strain) and the color code represents the percentage of the population that induces the PADH2-mCherry reporter above background levels. 
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Supplemental figures:
Supplemental figure 1: Neither SNF5 nor its mutant alleles are degraded upon glucose-starvation. Western blots of the SNF5-TAP and TAP tagged mutant alleles. ΔQ-snf5 is 288 amino acids smaller than WT. Anti-glucokinase antibody was used as a loading control (Bottom band at ~50 kDa).
Supplemental figure 2: Deletion of SNF5 polyQ creates a dominant negative allele.
Histograms of PADH2-mCherry reporter expression, y-axis is time in hours, starting immediately prior to glucose-starvation ("Glu"), WT/ΔQ-snf5 indicates a strain carrying both alleles integrated at the endogenous locus Supplemental figure 3: ADH2 expression is pH-dependent. Cytometry data histograms of PADH2-mCherry induction. Environmental pH is indicated by color codes: pH 5.5 (red); 6.0 (orange); 6.5 (yellow); 7.0 (green); 7.5 (blue); and 8.0 (purple). Supplemental figure 6: Transient acidification of the cytosol is sufficient for ADH2 expression. A-Outline of the experiment, exponentially growing cultures are divided in four: two of them washed into glucose-starvation media at pH: 5 (red), and the other two into starvation media at pH: 7.4 (green). After two hours of glucose-starvation, one culture at pHenv 5 was switched to 7.4 and one culture that was at pHenv 7.4 was switched to 5. B-PADH2-mCherry reporter expression, x-axis is time in hours (pH switch occurred at 2 h), y-axis is the percentage of cells that induced the PADH2-mCherry reporter. C-Cytosolic pH histograms, culture in complete media is labeled "Glu", red histograms indicate cultures starved at pHenv 5, and green histograms indicate cultures starved at pHenv 7.4, y-axis is time in hours. D-Histograms of PADH2-mCherry reporter expression over time, color-coded as in C.
Supplemental figure 7. pHi recovery is required for efficient induction of ADH2 reporter. Histograms of cytosolic pH and PADH2-mCherry induction upon glucose starvation on control media and supplemented with 6 mM sorbic acid. 
Material and Methods
Cloning and yeast transformations
Yeast strains used in this study are in the S288c strain-background (derived from BY4743). The sequences of all genes in this study were obtained from the Saccharomyces cerevisiae genome database (http://www.yeastgenome.org/).
We cloned the various SNF5 mutants into plasmids from the Longtine/Pringle collection (Longtine et al., 1998) . We assembled plasmids by PCR or gene synthesis (IDT gene-blocks) followed by Gibson cloning (Gibson et al., 2009) . Then, plasmids were linearized and used to replace the WT locus by sigma homologous recombination at both ends of the target gene.
The ΔQ-SNF5 gene lacks the N-terminal 282 amino acids that comprise a glutamine rich low complexity domain. Methionine 283 serves as the ATG for the ΔQ-SNF5 gene. In the HtoA-SNF5 allele, histidines 106, 109, 213 and 214 were replaced by alanine using mutagenic primers to amplify three fragments of the polyQ region which were combined by Gibson assembly into a SNF5 parent plasmid linearized with BamH1 and Sac1.
We noticed that the slow growth null strain phenotype of the snf5Δ was partially lost over time, presumably due to suppressor mutations. Therefore, to avoid spontaneous suppressors, we first supplemented WT S288c with a CEN/ARS plasmid carrying the SNF5 gene under its own promoter and the URA3 auxotrophic selection marker. Then a KanMX resistance cassette, amplified with primers with homology at the 5' and 3' of the SNF5 gene was used to delete the entire chromosomal SNF5 ORF by homologous recombination. We cured strains of the CEN/ARS plasmid carrying WT SNF5 by negative selection against its URA3 locus by streaking for single colonies on 5-FOA plates immediately before each experiment to analyze the snf5Δ phenotype.
The ADH2 reporter was cloned into pRS collection plasmids (Chee and Haase, 2012) for integration. URA3 (pRS306) or LEU2 (pRS305) were used as auxotrophic selection markers. The 835 base pairs upstream of the +1 of the ADH2 gene and the mCherry ORF were amplified by PCR and assembled into linearized pRS plasmids (Sac1/Asc1) by Gibson assembly. These plasmids were cut with Sph1 in the middle of the ADH2 promoter and integrated into the endogenous ADH2 locus by homologous recombination.
The pHluorin gene was clone on a pRS collection plasmid for integration. URA3 (pRS306) and LEU2 (pRS305) were used for selection. The plasmid with the pHluorin gene was obtained (Orij et al., 2009) . We amplified the pHluorin gene and the strong TDH3 promoter and used Gibson assembly to clone these fragments into pRS plasmids linearized with Sac1 and Asc1.
A C-terminal TAP tag was used to visualize Snf5 and Snf2 proteins in Western blots. pRS plasmids were used but the cloning strategy was slightly different. A Cterminal region of the SNF5 and SNF2 genes were PCR amplified without the Stop codon. This segment does not contain a promoter or an ATP codon for translation initiation. The TAP tag was then amplified by PCR and cloned together with the 3' of SNF5 and SNF2 by Gibson assembly into pRS plasmids with linearized Sac1 and Asc1. The plasmids linearized in the snf5 3' and snf2 3' with StuI and XbaI respectively done to linearize the plasmid allowing integration it into the 3' of each gene locus by homologous recombination. Therefore, after transformation the WT promoter is upstream of the WT gene without the stop codon and fused to the TAP tag.
GFP strains, the SNF5-GFP strain was obtained by the yeast GFP collection (Huh et al., 2003) , a gift of the Drubin/Barnes laboratory at UC Berkeley. The SNF2-GFP fused strain was made by the same approached used for the TAP tagged strain above.
Culture media
Most experiments, unless indicated, were performed in synthetic complete media (13.4 g/L yeast nitrogen base and ammonium sulfate; 2 g/L amino acid mix and 2% glucose). Carbon starvation media was synthetic complete without dextrose and supplemented with sorbitol, a non-fermentable carbon source to avoid osmotic shock during glucosestarvation (6.7 g/L YNB + ammonium sulfate; 2g/L Amino acid mix and 100 mM Sorbitol). pH was adjusted using 5 M NaOH.
Glucose-starvation
Cultures were incubated in a rotating incubator at 30 Ο C and grown overnight (14-16 h) to an OD between 0.2 and 0.3. Note: it is extremely important to prevent culture OD from exceeding 0.3 -and results are different if cells are allowed to saturate and then diluted back. Thus, it is imperative to obtain log phase cultures directly to obtain reproducible results. 3 milliliters of OD 0.2-0.3 culture were centrifuged at 6000 RPM for 3 minutes, re-suspended in SC Sorbitol at different pHs and washed 2 times. Finally, cells were re-suspended in 3 milliliters of SC Sorbitol. For flow cytometry, aliquots of 200 uL were taken for each time point in 96 well plates. During the course of time lapse experiments, culture aliquots were set aside at 4 Ο C. LSR II -HTS were used for all measurements. 10,000 cells were measured for each time point.
Cytosolic pH measurements
The cytosolic pH measurements were made with flow cytometry or microscopy. pHluorin was used to measure pH based on the ratio of fluorescence from two excitation wavelengths. In our cytometry we used the settings for AmCyan (excitation 457, emission 491) and FITC (excitation 494, emission 520). While the AmCyan emission increases with pH, FITC emission decreases. A calibration curve was made in each experiment for each strain. To generate a calibration curve, glycolysis and respiration were poisoned using 2-deoxyglucose and azide leading to equilibration of the cytosolic pH to the extracellular pH. Although many buffers are available, we used the calibration buffer published by Patricia Kane's group (Diakov, Tarsio and Kane, 2013) : 50 mM MES (2-(N-morpholino) ethanesulfonic acid), 50 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 50 mM KCL, 50 mM NaCL, 0.2 M ammounium acetate, 10 mM sodium azide, 10 mM 2-Deoxyglucose. Buffers were titrated to pH with HCL and NaOH to the desired pH. Sodium Azide and 2-deoxyglucose was always added fresh.
RT-Q-PCR
For qPCR and RNA seq, RNA was extracted with the "High pure RNA isolation kit" (Roche) following the manufacturer instructions. Three biological replicates were done for qPCR and RNAseq. cDNAs and qPCR were made with iSCRIPT and iTAQ universal SYBR green supermix by Bio-Rad, following the manufacturer instructions. Samples processed were: Exponentially growing culture (+Glu) and glucose-starvation at pH 5. 
RNA sequencing
We performed RNA sequencing analysis to determine the extent of the requirement for theSNF5 polyQ domains in the activation of glucose-repressed genes. Total RNA was extracted from WT, ΔQ-snf5 and HtoA-snf5 strains during exponentially growth (+Glu) and after 4 hours of glucose starvation. Next, Poly-A selection was performed using Dynabeads and libraries were performed following manufactures indications. Sequencing of the 32 samples was performed on an Illumina Hi-seq on two lanes. RNA-seq data were aligned to the University of California, Santa Cruz (UCSC), sacCer2 genome using Kallisto (0.43.0,http://www.nature.com/nbt/journal/v34/n5/full/nbt.3519.html) and downstream visualization and analysis was done using R (3.2.2). Differential gene expression analysis and heat maps were created using Sleuth where a least ratio test was used to determine differentially expressed genes and Euclidean distance to calculate clustering for heat maps.
Western blots
Strains containing SNF5 and SNF2 fused to the TAP tag were used. Given the low concentration of these proteins, they were extracted with Trichloroacetic acid (TCA): 3 mL or a colony (re-suspended in water) were pelleted by centrifugation for 2 min at 6000 RPM and then frozen in liquid nitrogen. Pellets were thawed on ice and re-suspended in 200 uL of 20% TCA, ~0.4 g of glass beads were added to each tube. Samples were lysed by bead beating 4 times for 2 min with 2 min of resting in ice in each cycle. Supernatants were extracted using a total of 1 mL of 5% TCA and precipitated for 20 min at 14000 RPM at 4 C. Finally, pellets were re-suspended in 212 uL of Laemmli sample buffer and pH adjusted with ~26 uL of Tris buffer pH 8. Samples were run on 7-12% gradient acrylamide gels with Thermo-Fisher PageRuler Prestained protein ladder 10 to 18 KDa. Once transferred, the membrane was blocked with 5% milk and incubated with a rabbit IgG primary antibody (which is bound by the protein A moiety of the TAP tag) for 1 hour and then with goat anti-rabbit secondary antibody. Membranes were visualized using LiCor Odyssey CLx scanner with Image studio 3.1 software. Membranes were scanned at 700 and 800 nM excitation light.
Data fitting into Gaussian curves
The ADH2 expression inferred from a fluorescent reporter (PADH2-mCherry) and cytosolic pH were fitted with a single or double Gaussian curve for statistical analysis, with a Matlab function developed in the lab. The choice of single or double Gaussian fit was determined by assessing which fit gave the least residuals. The height of the single or double Gaussian were used to determine the fraction of cells in each peaks. For simplicity, we quantified the height of the Gaussian rather than the area because peaks overlapped in many conditions.
Sequence analysis of polyQs
A polyQ structure in protein sequences was defined as a polypeptide sequence containing at least ten glutamines allowing any number of single or double amino-acid insertions, but broken by any interruption of three or more non-glutamine amino acid residues. For example, QQQQQAAQQQQQ and QAQAQAQAQAQAQAQAQAQ both count as polyQ, but QQQQQAAAQQQQQ does not. Saccharomyces cerevisiae genome and protein sequences (S288c) were downloaded from SGD (www.yeastgenome.org). S288c transversion and transition rates were obtained from Zhu et al, 2014 . We ran a computational evolution experiment with a single nucleotide mutation probability of 0.012 per nucleotide. This simulation leads to a non-synonymous change in roughly 20% of the glutamines, thus maintaining the overall integrity of the polyQ structure but introducing enough changes for statistical analysis. We ran this simulation ten thousand times using the polyQ-encoding portion of the S288c reference genome. Additionally, ten thousand simulations were performed on artificial genomes consisting of pure 'CAA', 'CAG' or 'CAGCAA' until we obtained the same non-glutamine frequency within the polyQ structure as found in S288c protein sequences. We defined an enrichment score as the relative frequency of a specific amino acid residue within or surrounding a polyQ normalized by the overall frequency of this amino acid residue present in the whole reference genome. Besides Saccharomyces cerevisiae, enrichment scores within and around polyQ were calculated for Drosophila melanogaster, Homo sapiens and Dictyostelium discoideum reference protein sequences (downloaded from http://www.ebi.ac.uk) (Zhu et al., 2014) .
